We study double quantum dots in a Ge/SiGe heterostructure and test their maturity towards singlet-triplet (S −T 0 ) qubits. We demonstrate a large range of tunability, from two single quantum dots to a double quantum dot. We measure Pauli spin blockade and study the anisotropy of the g-factor. We use an adjacent quantum dot for sensing charge transitions in the double quantum dot at interest. In conclusion, Ge/SiGe possesses all ingredients necessary for building a singlet-triplet qubit.
Introduction
Germanium has turned out to be a versatile material for the study of physics at the nanoscale.
Confinement into lower dimensions has been achieved in the form of epitaxially grown Ge/Si core/shell nanowires [1] [2] [3] [4] [5] [6] as well as in dome-islands 7, 8 and hut-wires 9-14 by controlling the assembly of Ge on Si. Holes are confined in the Ge-rich part of these nanostructure, thus 1 arXiv:1910.05841v1 [cond-mat.mes-hall] 13 Oct 2019 enabling low-dimensional p-type transport. Using appropriate gate-layouts, fully confined valence band states have been used for semiconductor spin qubits with record manipulation time. 11 In a different approach, building a Ge quantum well (QW) by sandwiching it with SiGe barriers has shown to yield high mobilities of µ = 1.1 × 10 6 cm 2 /Vs at a density p = 3 × 10 11 cm −2 when modulation doping it with boron atoms. 15 Even though the mobility is lower in undoped Ge/SiGe heterostructures 16 (µ = 5 × 10 5 cm 2 /Vs at p = 6 × 10 11 cm −2 ), the absence of dopands promises a reduction in scattering and charge noise, 17 which will be important for building quantum-dot based qubits. [18] [19] [20] [21] Concerning such, recent studies [22] [23] [24] show that the large spin-orbit interaction allows for 100 MHz Rabi frequencies in spin-qubits and two-qubit logic, and that the low effective mass (≈ 0.05 m e at low density 22 ) features sizable orbital energy spacings. Additionally, low hyperfine interaction 25, 26 inherent for holes in general and heavy-holes 25 hosted in nuclear-spin-free material in particular promises a quiet qubit environment.
Here, we take a closer look various other ingredients which will be necessary for further studies of (qubits in) undoped Ge/SiGe heterostructures, in particular towards the realization of singlet-triplet qubits (S-T 0 -qubits). 27, 28 An S-T 0 -qubit takes as a basis the singlet and unpolarized triplet states formed by two electron spins each of which sits in one of two coupled single quantum dots (SQDs). These two states are separated in energy by the exchange interaction, which in turn is a function of the detuning and the tunnel coupling t. The Rabi oscillation is caused by the energy difference between their symmetric and antisymmetric superposition. In the absence of hyperfine interaction, 29 this energy difference is dominated by the difference in the g-factors in the left and right SQD. 30 With the large spin-orbit interaction of valence band states in Ge allowing for electrical tunability of the g-factor, 31, 32 an S-T 0 -qubit will be an interesting alternative to the Loss-DiVincenzo spin qubit. 18 In this respect, our interest in the present work lies in analyzing the following parameters of Ge quantum dots, 33 which will be important for a S-T 0 -qubit: the tunability of the inter-dot tunnel coupling, the presence of Pauli spin blockade (PSB), charge readout with a capacitively coupled sensor and the g-factor anisotropy.
Results and discussion

Tunable double quantum dots
We present results from two samples originating from two different heterostructures, but similar top-gate layout. The relevant information about sample A and B are summarized in Fig. 1 (a-b) and (c-d), respectively. The active layer in each heterostructure consists of a strained Ge QW confined between two strain-relaxed Si 0.3 Ge 0.7 barrier layers, as shown schematically in Fig. 1(a,c) . This material combination provides an insulating state in equilibrium at cryogenic temperatures but hosts a two-dimensional hole gas (2DHG) once the Fermi energy is tuned into the valence band, for example by applying a negative voltage to a metallic top-gate electrode. The 2DHG of sample A is characterized by a mobility of µ = 26 000 cm 2 /Vs at a density of p = 1.1 × 10 12 cm −2 as measured at 4 K. The samples are grown using low energy plasma enhanced chemical vapor deposition. 34 In Fig. 1(b,d) , the accumulation gates indicated as T G and T G CD serve to accumulate charges in the 2DHG, In order to characterize the sample and show the large phase space available, we use sample B to individually tune two SQDs before demonstrating how the center barrier determines the tunnel coupling between these two dots. yields an estimate for the dot radius, 35 r ≈ e 2 8 0 E C = 117 nm, which fits the lithographic width of the SQD. In the estimate, we used the electron charge, e, and permittivities ε 0 in vacuum and ε = 16.2 in Ge. 36 In both SQDs we observe excited states with typical excitation energies on the order of ∆ = 150 µeV, which is as well within the regime expected from a simple harmonic oscillator model and using the extracted dot-radius and the light hole effective mass m * = 0.09 m e measured in a similar 2DHG. 16 We continue to form a DQD by using the left (LB) and right (RB) barrier gates to tune the coupling to the respective leads and CB to tune the tunnel coupling in-between the two SQDs. Starting with V CB = 0.56 V, the large inter-dot tunnel coupling hybridizes the two SQDs to a molecule and leads to the charge stability diagram displayed in Fig. 2(c) .
There, the current flows through the device whenever the electrochemical potential of the hybridized quantum dot molecule lies between the source and the drain electrochemical potentials. Upon lowering the inter-dot tunnel coupling by increasing V CB , the two dots are being decoupled and the areas where current flows is continuously restricted to the triple points, 37 see Fig. 2 (d-f). To estimate the change in tunneling conductance, we follow the discussions in Refs. 35, 37, 38 which conclude that the energies of the individual states can be resolved if the tunneling conductance is smaller than e 2 /h, where h is the Heisenberg constant. Hence, in the most conductive regime, where we do not resolve individual SQD states, the interdot tunneling conductance is larger than e 2 /h, while it must be much smaller than e 2 /h in order to dominate the transport in the least conductive regimes.
Pauli spin blockade and charge sensing
The read-out of a future S-T 0 -qubit relies on the PSB 24,39 for spin-to-charge conversion and a charge readout scheme. We will first address the PSB in Fig. 3 (a-c) before going into detail of charge sensing below. In the experiment, PSB is characterized by a suppression of current where zero is measured from an unknown offset. Then, spin blockade occurs when both, the (1, 1) singlet and triplet states are available for transport, while for the (0, 2) state, only the singlet ground state is accessible. The blockade is lifted when the detuning equals the (0, 2) triplet excitation energy, defined by the orbital level spacing minus the difference in Coulomb energies. 21 The resulting singlet-triplet splitting ∆ ST is readily extracted from the onset of current flow in the triangle displayed in Fig. 3(b first estimate of the out-of plane g-factor, as we show in Fig. 3(c) . There, we plot in black the line defining ∆ ST (B ⊥ ) with g ⊥ = 7.5. We will return to discussing g-factors in more detail below. Additionally, in Fig. 3(c) , we indicate in black dashed lines how the two remaining triplet states (T 0 and T − ) evolve with magnetic field.
We now turn to the charge readout mechanism, which relies on the capacitive coupling of the DQD under study to a charge-sensitive conductor. 21, 40 Here, we use sample A with a DQD gate layout similar to sample B but with the addition of a SQD in close vicinity to it, see Fig. 1(b) . The current through the additional charge sensor dot, I CS , exhibits steps whenever the electronic configuration of the DQD is changed. Fig. 3 shows the current I DQD A zoom-in of I CS is provided in Fig. 3(f,top) depends on the involved charge states. In particular, we clearly distinguish the inter-dot transition (0, 2) − (1, 1) from the transition (1, 2) − (1, 1) where an electron is exchanged with a reservoir. Together with the PSB demonstrated above, this fulfills the requirement of a spin-readout mechanism.
g-factor anisotropy
The all-electrical control of a S-T 0 -qubit requires different g-factors in the two SQDs forming the DQD. It is therefore interesting to study in detail the g-factors, which we do in the following via measuring the splitting of a Kondo peak in an applied magnetic field.
In a first step, we tune the left SQD of device B into a regime where at least one barrier is transparent enough to observe the Kondo effect. 41 Fig. 4(a) We go on to extract the g-factors in and out-of plane by using the splitting of peak (A)
in an applied magnetic field. With the field parallel to the plane of the 2DHG, the splitting is characterized by g , as shown in Fig. 5(a) . Similarly, again neglecting orbital effects, Fig. 5(c) shows the splitting of the conductance peak due g ⊥ and an applied magnetic field perpendicular to the 2DHG-plane. The g-factors extracted from the inflection points of the conductance 43 as measured in panels (a) and (c) are g ⊥ = 5.5 ± 1.0 and g = 0.3 ± 0.1, respectively, which we plot in blue lines within shaded regions corresponding to the error bars. Finally, we fix the amplitude of the magnetic field at |B| = 0.6 T and measure the conductance as a function of the out-of plane angle. The anisotropy of the g-factor is visible in the resulting measurement, Fig. 5(b) . Following Refs. 44,45 we write g(B , B ⊥ ) =
for the two-dimensional case at hand. Correspondingly, we indicate in panel (b) using a blue line and a shaded region the behavior of the conductance peaks expected by plugging in the g and g ⊥ measured as described above. This measurement at constant field underestimates the value for g ⊥ probably due to orbital effects starting to play a role at |B| = 0.6 T.
The measured value of g ⊥ is smaller than the theoretically predicted value g ⊥ = 21.4
for pure heavy-hole states. 46 Admixture of light hole states due the confinement into zero dimensions or strain generally reduces the g-factor. 8 However, calculations for hut-wires 10
show that the confinement alone does not reduce the heavy-hole character by more than 1 %. More likely, leakage of the confined states into the SiGe barries causes the reduction, as g = 2 for holes in Si. 47 The anisotropy of the g-factor brings about an interesting tuning knob for a S-T 0 -qubit. 30 For the rotation along the qubit axis, we rely on a difference in g-factors between the left and right SQD. It has been shown 24 that small differences in the percentage range can be achieved. Extrapolating from this, we propose to use the shown anisotropy to chose the absolute value of g and hence, expecting a similar percentage range of tunability, its difference in the two SQDs.
Conclusion
We conclude that Ge/SiGe heterostructures possess all the necessary ingredients for building an all-electrically tunable S-T 0 -qubit. A qubit can readily be encoded in the singlet and unpolarized triplet states of a DQD built from two individually tunable SQDs. Readout of the qubit will occur through charge sensing and the PSB regime. The rotation along the equator may be tuned by the tunnel-coupling between the dots. For the rotation along the qubit axis we can chose the value of the g-factor by correspondingly aligning the magnetic field. Apart from chosing a path towards quantum computing with quantum dots, the large g-factors together with the elsewhere demonstrated coupling to superconductors 48, 49 and long ballistic one-dimensional channels 50 make Ge/SiGe an interesting material for studying topologically protected states. 51, 52 Fabrication of the devices 
Note
While writing this manuscript, we became aware of an experiment 53 where a Ge quantum dot based on a similar heterostructure as the one used in this study shows charge sensing of a quantum dot filled to the last hole.
